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It is known that the presence of arbuscular mycorrhizal fungi
within the plant roots enhances the tolerance of the
host plant to different environmental stresses, although
the positive effect of the fungi in plants under waterlogged
conditions has not been well studied. Tolerance of plants to
flooding can be achieved through different molecular,
physiological and anatomical adaptations, which will affect
their water uptake capacity and therefore their root hy-
draulic properties. Here, we investigated the root hydraulic
properties under non-flooded and flooded conditions in
non-mycorrhizal tomato plants and plants inoculated with
the arbuscular mycorrhizal fungus Rhizophagus irregularis.
Only flooded mycorrhizal plants increased their root hy-
draulic conductivity, and this effect was correlated with a
higher expression of the plant aquaporin SlPIP1;7 and the
fungal aquaporin GintAQP1. There was also a higher abun-
dance of the PIP2 protein phoshorylated at Ser280 in mycor-
rhizal flooded plants. The role of plant hormones (ethylene,
ABA and IAA) in root hydraulic properties was also taken
into consideration, and it was concluded that, in mycorrhizal
flooded plants, ethylene has a secondary role regulating root
hydraulic conductivity whereas IAA may be the key hor-
mone that allows the enhancement of root hydraulic con-
ductivity in mycorrhizal plants under low oxygen conditions.
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Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid;
ACO, ACC oxidase; ACS, ACC synthase; AM, arbuscular
mycorrhizal; BSA, bovine serum albumin; ELISA, enzyme-
linked immunosorbent assay; gs, stomatal conductance;
HPFM, high pressure flow meter; Kr, root hydraulic conduct-
ance; Lp, root hydraulic conductivity; PIP2A, PIP2 protein
phosphorylated at Ser280; PIP2B, PIP2 protein phosphorylated
at Ser283; PIP2C, PIP2 protein phosphorylated at Ser280 and
Ser283; RT-qPCR, real-time quantitative PCR; RWC, relative
water content; TTBS, Tween Tris-buffered saline solution.

Introduction

Soil waterlogging is a major abiotic stress that affects the sur-
vival of numerous plant species, including those important for
agricultural and horticultural production (Jackson 2006). Plants
under flood stress experience different physiological and
molecular changes that are going to be affected by the lack
of oxygen available to the roots. The first symptoms of plants
not getting enough oxygen is the closure of stomata (Atkinson
et al. 2008, Else et al. 2009), the decrease in their root hy-
draulic conductivity (Lp; Else et al. 1995, Kamaluddin and
Zwiazek 2002, Tournaire-Roux et al. 2003) and a reduction of
growth (Sauter 2013). Plants will try to increase gas diffusion
within the roots by promoting different morphological struc-
tures such as the accumulation of lignin and suberin at the cell
level (Colmer and Voesenek 2009), the underdevelopment of
the endodermis (Calvo-Polanco et al. 2012) and the promotion
of aerenchyma and adventitious roots (Vartapetian and Jackson
1997).

Flooding causes a temporary water stress to plants, even
with an excess of water around the roots, which usually induces
a reduction in their Lp and relative water content (RWC; Else
et al. 1995, Jackson et al. 1996). The reduction of the Lp in
hypoxic plants has been linked to the inhibition of aqua-
porin-mediated water transport through root metabolic
changes (Bramley et al. 2010) and low cytoplasmic pH
(Tournaire-Roux et al. 2003), and could be partly alleviated by
treatment of plants with ethylene (Kamaluddin and Zwiazek
2002). Since aquaporins are sensitive to hypoxia (Zhang and
Tyerman 1991, Tournaire-Roux et al. 2003, Bramley et al. 2010),
an increase in the apoplastic water pathway could reduce the
dependence of root water transport on aquaporins, but it could
also compromise the benefits of selective permeability of the
transmembrane pathway.

Flood stress also affects plant hormones such as
ethylene, ABA and auxins. The gaseous plant hormone ethylene
and its precursor 1-aminocyclopropane-1-carboxylic acid (ACC)
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accumulate in submerged tissues within a few hours of flooding
(Visser and Voesenek 2005, Bailey-Serres and Voesenek 2008).
ACC is transported to the leaves via xylem where it is rapidly
oxidized into ethylene. Ethylene is synthesized from S-adenosyl-
methionine via ACC (Adams and Yang 1979), where ACC syn-
thase (ACS) catalyzes of the reactions and ACC oxidase (ACO)
enzymes are the oxidizers. Different studies on the effect of ethyl-
ene on Lp are controversial, showing increases or decreases in
plant water transport according to the plant species studied and
how ethylene is applied to the plants (Islam et al 2003, Li et al.
2009). Other plants hormones, such as ABA, have been shown to
accumulate within the roots under flood (Olivella et al. 2000),
but the opposite has also been reported (Rodriguez-Gamir et al.
2011). On the other hand, the role of auxins under anoxic con-
ditions has been correlated with the development of lateral roots
and directly implicated in a reduction of Lp (Peret et al. 2012).
Thus, the role and function of these hormones in root water
transport under flood is far from being known.

Arbuscular mycorrhizal (AM) fungi can form symbiotic as-
sociations with many plants in wetland areas (Wang et al. 2011,
Wu et al., 2013). However, their survival and the beneficial ef-
fects on plants vary according to the plant species with which
they are associated, and the severity of the flooding (Hartmond
et al. 1987, Fougnies et al. 2007, Lumini et al. 2011, Vallino et al.
2013). It is known that the presence of AM fungi within the
roots modifies the phosphorylation state and expression of
plant aquaporins (Ouziad et al. 2006, Aroca et al. 2007, Aroca
et al. 2009) as well as the hormonal balance of plants
(Goicoechea et al. 1997, Ludwig-Muller and Guther 2007); how-
ever, there is no information available on their effect on water
relations of plants subjected to flood.

A common response of tomato plants to flood is the epi-
nastic curvature of their leaves and the formation of adventi-
tious roots to relieve stress (Sauter 2013). From the time of the
start of the flood to the initiation of adventitious roots, plants
have to overcome the lack of oxygen within the roots. The
objective of our study was to reveal how the presence of the
AM fungus Rhizophagus irregularis in plant roots could help in
maintaining their Lp in the absence of adventitious roots, and
whether the presence of this mycorrhizal fungus may have an
effect on the expression and abundance of plant aquaporins
and on plant hormonal accumulation within the plant tissues.

Results

Plant fresh weight, leaf relative water content
(RWC), stomatal conductance (gs) and root
mycorrhization

Mycorrhyzal and non-mycorrhizal plants were subjected for 6 d
to flood stress. Plant fresh weights or leaf RWC did not show
any statistically difference among any of the treatments con-
sidered (Table 1), and the percentage of mycorrhization of
inoculated plants was not significantly different between
the flooded and non-flooded treatment (Table 1). The

stomatal conductance (gs) of non-mycorrhizal plants was
higher under non-flooded conditions compared with mycor-
rhizal plants. When flooded, the gs decreased in both mycor-
rhizal and non-mycorrhizal plants (Table 1), this decrease being
higher in non-mycorrhizal plants (46%) than in mycorrhizal
plants (21%).

Root hydraulic conductivity (Lp)

The Lp was measured with the high pressure flow meter
(HPFM) technique. The Lp did not change in non-flooded
plants (both mycorrhizal and non-mycorrhizal), but it was sig-
nificantly higher in flooded mycorrhizal plants compared with
flooded non-mycorrhizal plants (Fig. 1).

Plant root PIP aquaporin expression and
R.irregularis intraradical aquaporin expression

Real-time quantitative PCR (RT-qPCR) analyses were underta-
ken to elucidate if the changes observed in Lp were correlated
with changes in PIP aquaporin and/or fungal aquaporin

Fig. 1 Root hydraulic conductivity (Lp) in mycorrhizal and non-
mycorrhizal plants subjected to 6 d of non-flooded or flooded condi-
tions. Significant differences among treatment means are shown with
different letters at a= 0.05. Means (n = 8) ± SE.

Table 1 Stomatal conductance (gs), shoot, root and total fresh
weights (FW), leaf relative water content (RWC) and percentage
of mycorrhization in tomate non-mycorrhizal (Non-Myc) and
mycorrhizal (Myc) plants subjected to flooded conditions for 6 d

Non-flooded Flooded

Non-Myc Myc Non-Myc Myc

gs (mmol m–2 s–1) 212 ± 8a 186 ± 9b 144 ± 11c 147 ± 7c

Shoot FW (g) 3.6 ± 0.5a 2.9 ± 0.4a 3.3 ± 0.6a 3.3 ± 0.5a

Root FW (g) 3.4 ± 0.2a 2.5 ± 0.3a 3.3 ± 0.4a 3.1 ± 0.3a

Total FW (g) 7.0 ± 0.7a 5.3 ± 0.6a 6.6 ± 1.0a 6.4 ± 0.9a

RWC (%) 89 ± 1a 88 ± 1a 89 ± 3a 89 ± 2a

Mycorrhization (%) 0b 56.0 ± 13.6a 0b 44.8 ± 10.9a

Significant differences among treatment means are shown with different letters
at a= 0.05.
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expression. Flooding significantly decreased the expression
of SlPIP1;1 (Fig. 2A), SlPIP1;5 (Fig. 2B), SlPIP2;4 (Fig. 2E),
SlPIP2;6 (Fig. 2F) and SlPIP2;9 (Fig. 2H) in mycorrhizal and
non-mycorrhizal plants. Also, flooding decreased the expression
of SlPIP2;1 (Fig. 2D) and SlPIP2;8 (Fig. 2G) only in mycorrhizal
flooded plants, and significantly increased the expression of
SlPIP1;7 (Fig. 2C) in mycorrhizal flooded plants.

Fungal GintAQP1 aquaporin expression was analyzed mainly
from the intraradical mycelium and it significantly increased in
mycorrhizal flooded plants (Fig. 3A). On the other hand, fungal
aquaporins GintAQPF1 (Fig. 3B) and GintAQPF2 (Fig. 3C) were
only expressed in non-flooded mycorrhizal plants.

PIP1 and PIP2 protein abundance

We checked PIP1 and PIP2 protein abundance and the PIP2
phosphorylation state in the plant roots since aquaporin ex-
pression is not always correlated with protein abundance, and
aquaporin activity can be regulated by phosphorylation events.
We chose Ser280 and Ser283 as the sites of phosphorylation as
it was previously shown that the phosphorylation of PIP2 aqua-
porins at these sites was linked to the regulation of hydraulic
conductivity in plants (Prado et al. 2013). Based on the results
from Supplementary Table S1, we can be almost sure that
PIP2 antibodies (phosphorylated or not) can recognize the
PIP2 genes analyzed. However, it is most likely that the PIP1
antibody used cannot recognize PIP1;1 protein, but can recog-
nize PIP1;5 and PIP1;7. Moreover, the antibodies used can rec-
ognize other PIP proteins not analyzed at the expression level.
We do not have specific antibodies for each PIP protein, only for
several PIP1s or PIP2s. So, the enzyme-linked immunosorbent
assay (ELISA) results reflected the behavior of the complete set
of proteins included in PIP1 or PIP2 groups.

PIP1 protein abundance was significantly higher in non-
mycorrhizal non-flooded plants compared with the rest of
the treatments (Fig. 4A). PIP2 protein abundance was signifi-
cantly lower in mycorrhizal plants under both flooded
and non-flooded conditions (Fig. 4B). The abundance of PIP2
phosphorylated at Ser280 (PIP2A) was higher in flooded mycor-
rhizal plants compared with non-mycorrhizal flooded plants
(Fig. 4C), while PIP2 phosphorylated at Ser283 (PIP2B) had
lower values in mycorrhizal flooded plants (Fig. 4D). Finally,
the abundance of PIP2 phosphorylated at Ser280 and Ser283
(PIP2C) was higher in non-flooded non-mycorrhizal plants
(Fig. 4E).

Root and leaf ethylene, IAA, ABA and ACC

It is known that Lp can be regulated by plant hormones such as
IAA, ethylene and ABA, so their concentrations were measured
in the shoots and roots of the plants under all treatments. Leaf
ethylene production was significantly lower in mycorrhizal
flooded plants compared with mycorrhizal non-flooded
plants (Fig. 5A). Root ethylene concentrations increased in
non-mycorrhizal plants under flooding conditions compared
with the rest of the treatments (Fig. 5B).

Leaf IAA (Fig. 5C) decreased with flooding both in mycor-
rhizal and in non-mycorrhizal plants, while ABA (Fig. 5E) and
ACC (Fig. 5G) did not show any statistically significant differ-
ence among mycorrhizal and non-mycorrhizal plants when
comparing non-flooded and flooded treatments. Root IAA sig-
nificantly increased in mycorrhizal flooded plants (Fig. 5D),
while root ABA decreased in both flooded mycorrhizal and
non-mycorrhizal plants (Fig. 5F). Root ACC significantly
increased in the presence of mycorrhizal fungi and its concen-
tration within the roots was not affected by the flood treatment
(Fig. 5H).

Relative gene expression of root SlACO1, SlACO4,
SlACS3 and SlACS7

There are nine genes encoding ACS and five genes encoding
ACO in tomato. The genes SlACS3 and SlACS7 were chosen as
they are differentially expressed during flood stress (Vidoz et al.
2010), while SlACO1 and SlACO4 were chosen as they are be-
tween the most abundant genes in the ethylene biosynthesis
pathway in tomato (Cara and Giovannoni 2008).

Root SlACO1 (Fig. 6A) and SlACO4 (Fig. 6B) expression was
significantly lower in mycorrhizal flooded plants. Root expres-
sion of SlACS3 (Fig. 6C) was higher in mycorrhizal flooded
plants (Fig. 6C), and the expression of SlACS7 did not show
any significant difference under any of the treatments con-
sidered (Fig. 6D).

Discussion

The presence of mycorrhizal fungi in the roots of tomato plants
improved their water uptake capacity when subjected to 6 d of
flooding. These results showed an increase in Lp that was
related to an increase in the expression of the aquaporin
genes GintAQP1 and SlPIP1;7, a higher IAA content and a
lower ethylene accumulation . However, this increment in Lp

was not correlated with their gs, as it decreased under flood in
both mycorrhizal and non-mycorrhizal plants. Previous studies
had shown that the exposure of non-mycorrhizal plants to
short periods of flooding (a few hours after flooding) caused
a reduction in Lp that was correlated with a decrease of the
aquaporin-mediated water transport (Zhang and Tyerman
1991, Bramley et al. 2010). However, under prolonged periods
of flood, the study in tomato by Else et al. (1995) reported a
recovery of Lp over time after an initial Lp reduction that was
not correlated with gs. These studies support our results for
non-mycorrhizal plants, which had similar Lp under non-
flooded or flooded conditions, which would indicate that
non-mycorrhizal tomato plants are able to overcome hypoxia
over relatively short periods of time while maintaining a similar
Lp to well-watered plants.

On the other hand, the effect of AM fungi on plant Lp under
flood has been little documented in the literature. As far as we
know, this is the first report showing an increase in Lp in plants
inoculated with mycorrhyzal fungi under flood. To elucidate
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Fig. 2 Solanum lycopersicum root aquaporin expression of SlPIP1;1 (A), SlPIP1;5 (B), SlPIP1;7 (C), SlPIP2;1 (D), SlPIP2;4 (E), SlPIP2;6 (F), SlPIP2;8 (G)
and SlPIP2;9 (H) in non-mycorrhizal and mycorrhizal plants subjected to 6 d of of non-flooded or flooded conditions, expressed as relative units
(r.u.). Significant differences among treatment means are shown with different letters at a= 0.05. Means (n = 3) ± SE.
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the main factors responsible for this Lp increase, we studied the
expression and abundance of root and fungal aquaporins, and
the hormonal concentrations of the root and leaves. Flooding
has been reported to reduce the expression of plant aquaporins

in the short term (hours) (Zhang and Tyerman 1991, Bramley
et al. 2010) and in the long term (days) (Rodriguez-Gamir et al.
2011) in several plant species. In our study, when plants were
submerged in water, most of the tomato aquaporins studied,
together with two of the three fungal aquaporins, showed a
reduction in their expression. However, in mycorrhizal flooded
plants, we found an increase in the expression of the plant
aquaporin gene SlPIP1;7, and a higher phosphorylation state
of PIP2 aquaporins. Even though PIP2s are usually considered
as the main aquaporins responsible for the major water trans-
port capacity in plants (Chaumont et al. 2000), PIP1 channels
have also been shown to play a role in water transport in plants
(Zou et al. 2010) in combination with PIP2 proteins via hetero-
merization (Zelazny et al. 2007, Horie et al. 2011, D.-D. Li et al.
2013), and in the trafficking of PIP proteins to the plasma mem-
brane (Zelany et al. 2007, Hachez et al. 2013). The higher PIP2A
abundance (i.e. phosphorylation at Ser280) in mycorrhizal
flooded plants may have contributed to water transport
through cells, even at a lower aquaporin expression. The dis-
crepancies between gene expression and protein abundance
could be explained as a compensatory mechanism for water
uptake by roots, or as a difference in aquaporin contribution to
water transport, justified by the subcellular localization of PIP
proteins (Zelazny et al. 2007, Boursiac et al. 2008, Benabdellah
et al. 2009) or even as a possible post-transcriptional mechan-
ism for PIP trafficking to the plasma membrane (Prak et al.
2008).

The higher Lp in mycorrhizal flooded plants was also corre-
lated with a higher expression of the fungal GintAQP1 aqua-
porin. The presence of mycorrhizal fungi within the roots is
usually beneficial in enhancing host water uptake under both
well-watered and stressed conditions (Barzana et al. 2012), al-
though the opposite has also been reported (Aroca et al. 2007).
With an almost complete reduction in the expression of all the
aquaporins studied, the presence of mycorrhizal fungi in
flooded plants may have greatly contributed to the increase
of the apoplastic water flow within the roots as previously re-
ported (Plamboeck et al. 2007, Lehto and Zwiazek 2011, Barzana
et al. 2012). However, GintAQP1 could be playing an important
role as a compensatory mechanism when the expression
of plant aquaporins is down-regulated (Aroca et al. 2009, El-
Mesbahi et al. 2012), even though it was not defined as a main
water transport protein in fungi (Aroca et al. 2009),

Plants usually accumulate ethylene under flooding by the
induction of ethylene synthesis at the level of ACS and ACO
gene expression (Peng et al. 2005, Rieu et al. 2005, Geisler-Lee
et al. 2010). The different studies on the role of ethylene in Lp

are contradictory and probably dependent on the different
sources of ethylene applied and the duration of the experi-
ments (Kamaluddin and Zwiazek 2002, Islam et al. 2003, Li
et al. 2009). The presence of mycorrhizal fungi within the
roots has been shown to promote ACC and ethylene (Lin
et al. 2009) and it was positively related to the resistance to
drought stress (Cruz et al. 2000). The lack of oxygen within the
roots made ACC oxidation, and hence the biosynthesis of

A

B

C

Fig. 3 Rhizophagus irregularis fungal aquaporin expression of
GintAQP1 (A), GintAQPF1 (B) and GintAQPF2 (C) in non-mycorrhizal
and mycorrhizal plants subjected to 6 d of non-flooded or flooded
conditions, expressed as relative units (r.u.). Significant differences
among treatment means are shown with different letters at
a= 0.05. n.d., expression not detected. Means (n = 3) ± SE.
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ethylene, impossible (Peng et al. 2001, Dat et al. 2004). In our
study, 6d of flooding induce an increase of root ACC content
and the expression of SlACS3 in mycorrhizal plants, and a
decrease in ethylene production and the ACO genes. The
effect of flooding on the expression of tomato ACO and ACS
genes has previously shown under flood (Shiu et al. 1998, Vidoz
et al. 2010). The role of ACC on the increase in Lp in plants has
not been previously reported, although it is possible that higher
root ACC content within the root was one of the signals that
promote the increase in Lp and the expression and abundance
of aquaporins, although more experimentation will be needed
to elucidate the process.

In this study, the role of ethylene and ABA in water transport
when mycorrhizal fungi are present seems to be secondary, with
IAA as the principal hormone that showed an increase in
mycorrhizal flooded plants. Previous studies have shown that
the presence of mycorrhizal fungi affects the root IAA content
differently according to the plant studied, showing increases in
IAA content in soybean (Meixner et al. 2005), or no changes in
IAA content in leek and tobacco (Torelli et al. 2000, Shaul-
Keinan et al. 2002). How IAA is involved in root water uptake
has not been studied in depth, although external application of
different auxins has been proposed to affect the expression of
aquaporins in rubber trees (Tungngoen et al. 2011) and IAA
has been related to a reduction in Lp when applied to non-
mycorrhizal Arabidopsis plants (Peret et al. 2012). More studies

will be needed to uncover whether the accumulation of IAA
within the plant tissues can affect plant Lp or if there is a
coordinated effect of ACC and IAA accumulation that affects
Lp in plants.

In conclusion, we have demonstrated that mycorrhizal fungi
have a high impact on Lp of tomato plants under flood as they
affect their aquaporin expression, phosphorylation state and
hormonal status. Fungal aquaporin GintAQP1 and tomato
SlPIP1;7 appear to affect Lp positively in mycorrhizal flooded
plants, at the time that the plant hormonal balance is altered by
the presence of mycorrhizal fungi. IAA in mycorrhizal flooded
plants seems to be crucial for water transport, with a secondary
role to ethylene and ABA.

Materials and Methods

Plant material and growth conditions

Seeds of Solanum lycopersicum cv Pearson [accession # LA0012,
Tomato Genetics Resource Centre (TGRC)] were germinated in
wet vermiculate for 10 d. Seedlings were transferred into 1 kg
pots in a 2 : 1 (v/v) soil and sand mixture. Loamy soil (Estrada
et al., 2013) was sieved (50 mm) and sterilized by steaming for
1 h, for three consecutive days at 100�C. At the time of planting,
half of the plants were inoculated with Rhizophagus irregularis
(Schenck and Smith, DAOM 197198, Biosystematic Research

A

C D E

B

Fig. 4 PIP1 (A), PIP2 (B), PIP2A (C), PIP2B (D) and PIP2C (E) protein abundance in roots of non-mycorrhizal and mycorrhizal S. lycopersicum
plants, subjected to non-flooded or flooded conditions for 6 d. Significant differences among treatment means are shown with different letters at
a= 0.05. Means (n = 3) ± SE.
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Fig. 5 Leaf and root ethylene (A, B), IAA (C, D), ABA (E, F) and ACC (G, H) in mycorrhizal and non-mycorrhizal plants subjected to 6 d of
non-flooded or flooded conditions. Significant differences among treatment means are shown with different letters at a= 0.05. Means (n = 6 for
ethylene; n = 3 for IAA, ABA and ACC) ± SE.

1023Plant Cell Physiol. 55(5): 1017–1029 (2014) doi:10.1093/pcp/pcu035 ! The Author 2014.

Mycorrhizae and root water transport under flood

 at C
SIC

 on M
ay 12, 2014

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/


Center, Ottawa, Canada), at a rate of 2 g kg–1 mycorrhizal in-
oculum. The mycorrhizal inoculum was grown in an open-pot
culture of clover (Trifolium pratense) and consisted of spores,
mycelia and infected root fragments. The other half of the
plants received the same amount of autoclaved mycorrhizal
inocula plus 200 ml of AM-free aliquot filtrate (<20mm) in
order to provide the natural microbial population of the grow-
ing media of AM fungi.

The plants were grown for 10 weeks in a greenhouse at 22/
18�C, 65% humidity, and fertilized twice during the course of
the experiment with 25% Hewitt’s solution (Hewitt 1952). After
10 weeks, half of the non-mycorrhizal and half of the mycor-
rhizal plants were immersed in water 1 cm up to the root collar
for 6 d. The initial oxygen concentration of the solution was
about 7–8 mg l–1, and decreased over the course of the days to
<3 mg l–1.

Plant fresh weight, stomatal conductance (gs), leaf
relative water content (RWC) and root length
mycorrhization

Root and shoot fresh weights were analyzed in eight plants per
treatment combination (n = 8) after 6 d of flood. Shoots were

excised from the roots (that were gently washed) to determine
their root and shoot fresh weight.

Stomatal conductance was measured in the first fully com-
plete mature leaves of eight plants (n = 8) per treatment com-
bination after 6 d of flooding treatment. The measurements
were carried out 3 h after sunrise with a portable AP4
Porometer (Delta-T Devices Ltd).

Leaf RWC was determined in six mature leaves per treat-
ment combination (n = 6), after the gs measurements. Mature,
fully developed leaves were excised from the main shoot,
weighted (W0) and introduced into 15 ml centrifuge tubes
(BD Falcon, Fisher Scientific) with a piece of moist cotton for
24 h at 4�C. Leaves were weighted again (Wh) and dried at 65�C
for 2 d (Wd). Leaf RWC was calculated as RWC = (W0 – Wd)/
(Wh – Wd)� 100.

Mycorrhizal root colonization was estimated by analyzing
four roots (n = 4) per treatment combination. We removed
2 cm from the top and the bottom of the roots, cut the rest
of the root into pieces and mixed them. About 0.5 g of the root
mixture was selected for mycorrhizal determination. Roots
were cleared in 10% KOH and stained with 0.05% trypan blue
in lactic acid (v/v) (Phillips and Hayman 1970). The extent of

A B

C D

Fig. 6 Solanum lycopersicum root expression of SlACO1 (A), SlACO4 (B), SlACS3 (C) and SlACS7 (D) in non-mycorrhizal and mycorrhizal plants
subjected to 6 d of non-flooded or flooded conditions, expressed as relative units (r.u.). Significant differences among treatment means are shown
with different letters at a= 0.05. Means (n = 3) ± SE.
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mycorrhizal colonization was calculated according to the grid-
line intersect method (Giovannetti and Mosse 1980).

Root hydraulic conductivity (Lp)

The Lp was determined in eight plants (n = 8) per treatment com-
bination using an HPFM (Dynamax, Inc.), between 3 and 4 h after
sunrise in the same plants used for gs determination. The roots
were detached from the shoot with a razor blade and, immediately
after excision, connected to the HPFM. Water was pressurized into
the roots from 0 to 0.5 MPa in the transient mode to calculate root
hydraulic conductance (Kr). Lp was determined by dividing Kr by
the root volume (Calvo-Polanco et al. 2012).

Gene expression analyses

The tomato aquaporin family is represented by 37 aquaporins
(Sade et al. 2009), nine belonging to the PIP1 transmembrane
aquaporins and nine to the PIP2s. Expression of root aquaporins
was determined for eight tomato PIP genes, SlPIP1;1 (Tigr. No.
TC175784), SlPIP1;5 (Tigr. No. TC178447), SlPIP1;7 (Tigr.
No. TC170092), SlPIP2;1 (Tigr. No. TC170322), SlPIP2;4 (Tigr.
No. TC181456), SlPIP2;6 (Tigr. No. TC175989), SlPIP2;8
(Tigr. No. TC180270) and SlPIP2;9 (Tigr. No. TC173223), as
described in Sade et al. (2009). The primers for the different
aquaporins were selected and constructed based on the com-
pleteness of the sequences available in the TIGR database. The
aquaporin primers obtained are represented in Table 2. We
used the three fungal aquaporins for R. irregularis that have
been described to date, aquaporins GintAQP1 (accession No.
FJ861239; Aroca et al. 2009), GintAQPF1 (accession No.
AFK93202; T. Li et al. 2013) and GintAQPF2 (accession
No. AFK93203; T. Li et al. 2013). The expression of root and
fungal aquaporins was determined in roots of three plants per
treatment combination. Total RNA was isolated by the phenol/
chloroform extraction method followed by LiCl precipitation
(Kay et al. 1987). DNase treatment of total RNA and reverse
transcription were done following Qiagen’s protocol
(Quantitect Reverse Transcription KIT Cat #205311). The
expression of the different aquaporins was determined using
RT-qPCR (iCycler, Bio-Rad). Each 23 ml reaction mixture con-
tained 1 ml of cDNA (80 ng), 10.5 ml of Master Mix (Bio-Rad
Laboratories S.A.), 8.6 ml of deionized water and 0.45 ml of
each primer pair at a final concentration of 0.2 mM. The PCR
program consisted of 3 min incubation at 95�C, followed by 32
cycles of: 30 s at 95�C, 30 s of annealing temperature (Table 2)
and 72�C for 30 s. The specificity of the PCR amplification pro-
cedure was checked with a heat dissociation protocol (from 60
to 100�C) after the final cycle of the PCR. The relative abun-
dances of transcription were calculated using the 2-��Ct

method in Livak and Schmittgen (2001). For expression of
root PIP aquaporins, we tested different tomato housekeeping
genes, actin, tubulin and ubiquitin, and actin was chosen after
RT-qPCR as it was the most stable gene under all the treatments
considered. Actin-specific primers were used for standardiza-
tion by measuring the expression of the S. lycopersicum actin
gene in each sample. For the fungal aquaporin expression at the

intraradical mycelium level, Gint18S-specific primers were used
for standardization by measuring the expression of the R. irre-
gularis 18S gene in each sample (Aroca et al. 2009). Three dif-
ferent root RNA samples for the different treatments were used
for the analysis (n = 3), with each of them repeated three times.
Negative controls without cDNA were used in all the PCRs.

Root SlACO1 (accession No. HQ322499), SlACO4 (accession
No. AB013101), SlACS1 (accession No. L34171) and SlACS7 (ac-
cession No. AF179248) expression was determined in roots of
three plants per treatment combination (n = 3) following the
same protocol as described for the aquaporin expression ana-
lysis. The annealing temperatures used in the RT-qPCR analyses
are detailed in Table 2.

Microsome preparation and ELISA analysis

Microsomes were isolated as described in Hachez et al. (2006)
with some modifications. A 0.5 g aliquot of roots was homo-
genized with 6 ml of grinding buffer: 250 mM sorbitol; 50 mM
Tris–HCl pH 8; 2 mM EDTA; and proteinase inhibitors (1 mM
phenylmethylsulfonyl fluoride, and 1 mg ml–1 leupeptin, aproti-
nin, antipain, chymostatin and pepstatin). The mixture was
filtered with a nylon mesh and centrifuged at 4,400� g for
10 min. The supernatant was centrifuged at 100,000� g for
2 h, and the resulting pellet was resuspended in 20ml of
5 mM KH2PO4, 330 mM sucrose and 3 mM KCl with a final
pH of 7.8. A 2mg aliquot of protein extracts was incubated at
4�C overnight in carbonate/bicarbonate coating buffer at pH
9.6. The following day, the proteins were cleaned by three
10 min washes using Tween Tris-buffered saline solution
(TTBS), and blocked with 1% bovine serum albumin (BSA) on
TTBS for 30 min at room temperature. After another three
10 min washes with TTBS, proteins were incubated with
100 ml of the primary antibody (1 : 1,000 in TTBS, v/v) for 1 h
at room temperature. We used, as primary antibodies, the two
antibodies that recognize several PIP1s and PIP2s and three
antibodies that recognize the phosphorylation of PIP2 proteins
in their C-terminal region. All the antibodies were designed
against the most conservative regions of these aquaporin
groups. To detect PIP1 aquaporins, we used the first 26
amino acids of the N-terminal part of the PvPIP1;3 protein
(accession No. DQ855475; Aroca et al., 2007), raised as a peptide
to immunize rats. To detect PIP2 aquaporins, we used the last
12 amino acids of the C-terminal part of the PvPIP2;1 protein
(accession No. AY995195; Aroca et al., 2006), raised as a peptide
to immunize rabbits. To detect phosphorylated PIP2, we
used the same protein PvPIP2;1 as the amino acid sequence
but with the different serine groups phosphorylated as
follows: PIP2A (Ser280), AIKLALG{pSER}FRSNA; PIP2B
(Ser283), AIKALGSFR{pSER}NA and PIP2C, (Ser280 and
Ser283) AIKALG{pSER}FR{pSER}NA (Abyntek Biofarma SL,
BiotechSpain). A goat anti-rat Ig coupled to horseradish perox-
idase (Sigma-Aldrich Co.) antibody was used as the secondary
antibody at 1 : 10,000 for PIP1. Goat anti-rabbit Ig coupled to
horseradish peroxidase (Sigma-Aldrich Co.) was used as a sec-
ondary antibody at 1 : 10,000 for PIP2 and PIP2A, B and C.
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Protein quantification was done in three different independent
root samples per treatment combination (n = 3), repeated
three times each. PIP1 and PIP2 antibody antigens were aligned
to see which S. lycopersicum aquaporins were recognized by
each antibody (Supplementary Table S1). To determine the
specificity of the PIP2 and phosphorylated antibodies PIP2A,
B and C, we ran an ELISA analysis with 2 mg of pure PIP2 pep-
tides, PIP2A, PIP2B and PIP2C, with each of them crossed with
all the PIP2 antibodies. ELISA analysis of pure peptides was
conducted as described before for the root protein extracts
(Supplementary Table S2). For ELISA calibration, we applied

pure peptides used to immunize rats (PIP1) or rabbits (PIP2;
Supplementary Table S1) and the total protein amount
charged was calculated after Bradford analysis.

Leaf and root ethylene content

Six excised leaves from the different treatments (n = 6) were
enclosed in a 90� 15 mm (OD�H) Petri dish (Fisher Scientific
SL) and sealed with a pressure-sensitive tape (3M) (Fiserova
et al. 2008). The leaves were left on moist paper to avoid des-
iccation for 5 h. Ethylene was recovered from the plate with a
10 ml syringe and measured with a gas chromatograph

Table 2 Gene-specific primers for real-time qPCR and their corresponding annealing temperature (�C)

Protein Nucleotides Temperature (�C)

SlActin Forward TCACCACCACTGCTGAACGGGA

Reverse TGGGCAACGGAACCTCTCAGC

SlPIP1;1 Forward GAAGAGTTGAAGAGACCTTTT 55

Reverse GGAGAAAGAAAACTTTAGATAC

SlPIP1;5 Forward GTTATCTGTCTTTAAACAATGGG 55

Reverse CAAAGATAAAAATAAAGAACCTTC

SlPIP1;7 Forward GGATCTGAATTCAATCATTTTCC 58

Reverse GGAAAAGGCAAGGTACTTTTG

SlPIP2;1 Forward GTACAATTATCATGAAGAATTGAA 58

Reverse GGACAATAGCCTTGCTATTTTC

SlPIP2;3 Forward GGAGTCAGTCATCTCTCCG 58

Reverse CACTCTCTTTGCAATGTTTAAC

SlPIP2;4 Forward GATTTCTAATTTCATCAATCCAATG 58

Reverse CAACAATGTGAGTTGAAACTATTG

SlPIP2;6 Forward GATAAAAGATGGAATAATTTGAG 55

Reverse CCCAACATATACACTATTATTAT

SlPIP2;8 Forward CAATAACTAAAGCATTCAATTGATC 55

Reverse GAAAAATATGACCAATACTAATAAG

SlPIP2;9 Forward CAAGTTATCAACTTTCATTCAC 55

Reverse CGAAAGAAGAATAGACCACC

Gint18S Forward TGTTAATAAAAATCGGTGCGTTGC

(Gonzalez Guerrero et al. 2005) Reverse AAAACGC AAATGATCAACCGGAC

GintAQP1 Forward AGGACTCGGAGGTAGTGATGC 58

(Aroca et al. 2009) Reverse GCCGGAT ATATCACTCCAAAGC

GintAQPF1 Forward CATTTGGGCTCCAATCTCTGGAGG 58

T. (Li et al 2013) Reverse CTCCATCTGCAAGTAAGGTTGCTG

GintAQPF2 Forward GAACAAGAGGAGCACCAGCCACTG 58

T. (Li et al. 2013) Reverse CCACTAACTGCAATACCCAAAGCG

SlACO1 Forward TCCGCGCTCATACAGACGCA 58

Reverse AGTGGCGCATGGGAGGAACA

SlACO4 Forward TTCGCGCTCACACGGATGCT 58

Reverse CACCTCTAGCTGATCGCCGAGG

SlACS3 Forward CGGTCTCCCCGGTTTTCGCA 58

Reverse GTGGCCGCGGAGACAACCAT

SlACS7 Forward TGCCTTGAGAGCAATGCTGGGT 58

Reverse ACATGCACGAAACCAACCCGGT
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(HP5890, Hewlett Packard) equipped with a Poropak-R column
and a hydrogen flame ionization detector. Root ethylene was
determined using whole root systems, following the same pro-
cedure as described for the leaves but using a 150� 15 mm
(OD�H) Petri dish (Fisher Scientific SL).

Determination of root and shoot IAA, ABA
and ACC

The extraction, purification and further analytical determin-
ation of IAA and ABA in roots and shoots was carried out in
three roots and shoots per treatment combination (n = 3) as
described in Mora et al. (2010).

The extraction and purification of ACC was carried out in
three roots and shoots per treatment combination (n = 3) using
the method described by Hermann et al. (2007), with some
modifications. Plant tissues (0.25 g) were homogenized with
20ml of d4ACC [4mg ml–1 in acetonitrile/acetic acid 0.2% (90/
10)] and 3 ml of MeOH/H2O/HCOOH (15/4/1, by vol.) at
�20�C, and mixed with a vortex (2,000 r.p.m.) for 10 min.
After overnight extraction at �20�C, solids were separated by
centrifugation (12,000 r.p.m., 10 min, 4�C). Supernatants were
purified using a Strata C18-E cartridge (Ref 8B-S001-FBJ,
Phenomenex) pre-conditioned with 4 ml of methanol and
2 ml of MeOH/H2O/HCOOH (15/4/1, by vol.). The eluent was
evaporated at 40�C until methanol was removed (Vortex evap-
orator mod. 432-2100, Labconco Corporation). The residue was
re-dissolved with 2 ml of MeOH/H2O/HCOOH (15/4/1) and
stored at �20�C. After 1 h, the extract was centrifuged again
(12,000 r.p.m., 10 min, 4�C). Supernatants were purified using
the same Strata C18-E cartridge. After evaporation to near dry-
ness, the residue was re-dissolved in 2 ml of 1 M formic acid, and
applied to an Oasis MCK column (Ref. 186000254, Waters Co.
pre-conditioned with 4 ml of methanol and 2 ml of 1 M formic
acid. The column was washed successively with 2 ml of 1 M
formic acid and 2 ml of methanol. ACC was eluted with 1 ml
of 0.355 M NH4OH. This eluted fraction was evaporated to dry-
ness in the vortex evaporator and re-dissolved in 500 ml of
acetonitrile/acetic acid 0.2% (90 : 10). Finally the eluted fraction
was centrifuged (10,000 r.p.m., 8 min) and injected in the LC/
MS/MS system. ACC was quantified as described in Mora et al.
(2012).

Statistical analysis

Data were analyzed using SAS (version 9.2, SAS Institute Inc.).
Two-way analysis of variance (ANOVA) with the MIXED pro-
cedure in SAS was used to determine significant differences
between treatment means of physiological measurements.
The normality and the homogeneity of the variance residuals
were tested. Tukey’s adjustment was used to detect significant
differences between means at a= 0.05.

Supplementary data

Supplementary data are available at PCP online.
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